solids use on soil and crop quality have rarely been monitored in nonresearch situations. health concerns (blue-baby syndrome). Smith (1996) and other variables. Biosolids-treated fields had more post-growing season soil NO 3 and Ca and less soil K than control fields and there maintained that the risk of excessive NO 3 leaching from was some evidence that soil P concentrations were higher in treated soils receiving long-term biosolids application is small, 
Long-term biosolids applications may lead to increases differences were Յ0.06 of the USEPA Part 503 cumulative pollutant in soil P above optimum values (Kelling et al., 1977;  loading rates (CPLRs). There were no differences in the concentra- Peterson et al., 1994) since N-based application will tions of measured nutrients or trace elements in the crop tissue grown supply P in excess of crop needs (Smith, 1996 ; Stehouwer on treated or control fields at any time during the study. Commercialet al., 2000; Pierzynski, 1994) . High soil P values increase scale biosolids application resulted in soil trace element increases that the possibility that runoff or erosion losses could conwere in line with expected increases based on estimated trace element taminate surface waters with P and contribute to eutroloading. Excess NO 3 and apparent P buildup indicates a need to reassess biosolids nutrient management practices.
phication (Chaussod et al., 1986; Sharpley et al., 1996; Sims et al., 1998 Sims et al., , 2000 .
The Part 503 regulations identify several trace elements present in biosolids that could pose health risks A gronomic use of biosolids remains controversial, to humans (As, Cd, Hg, Pb, Se, and Zn), plants (Cu, despite widespread adoption of the practice during Ni, and Zn), or animals (Mo) (Page and Chang, 1994) . the past 20 years. Concerns include the contamination When compared with control soils, it has been deterof surface and ground waters due to losses of N and P, mined that trace elements accumulate in the plow layer as well as soil accumulation and plant uptake of trace of biosolids-amended soils (McGrath and Cegerra, elements that could have adverse effects on humans, 1992). Many long-term studies have indicated that trace animals, or crops. The USEPA promulgated the Stanelements remain in the plow layer in forms relatively dards for the Use and Disposal of Sewage Sludge unavailable to crops (McGrath, 1987; McGrath and (USEPA, 1993) to protect human health and the envi- Lane, 1989; Chaney and Ryan, 1993) . However, there ronment. These regulations, commonly referred to as is evidence of some accumulation of trace elements at "Part 503," are based on scientific risk assessment and depths below the zone of biosolids incorporation (Campestablish sludge quality limits, pathogen reduction methbell and Beckett, 1988; Dowdy et al., 1994) . ods, and limits on the amounts of trace elements that Agronomic biosolids management practices and regucan be applied to a site. The Part 503 regulations require lations are based on an extensive body of scientific monitoring of trace element additions to soil; however, research concerning transformations, availability, fate, they do not require continued testing of soils to which and transport of biosolids nutrients and trace elements. biosolids have been applied, soil testing at depths below This literature has been reviewed by Smith (1996) and the plow layer, or soil nutrient analysis. There is also we will not attempt to review it here. Almost all of this no requirement for the sampling of crop tissue grown on research has been conducted using experiments where treated soils for major plant nutrients or trace elements.
parameters such as soil type, biosolids source and qualConsequently, the long-term effects of agronomic bioity, and biosolids application methods, rates, and timing are carefully controlled. Such controls are absent when to eliminate sample contamination with soil that may have fallen from higher in the profile. The soil samples were air-
MATERIALS AND METHODS
dried and ground to pass a 2-mm sieve. Before chemical analysis, the five samples taken within each field were composited Eighteen production farms with a history of repeated comwithin depth increments to create one sample per field per mercial agricultural biosolids application were selected for depth. inclusion in the study. At each farm, a field that received Available NH 4 and NO 3 were extracted from 1 g of soil with biosolids (treated) was paired with a field that never received 10 mL of 2 M KCl as described in Griffin (1995) . The extracts biosolids (control). The paired fields were selected to be simiwere analyzed using a Technicon Auto-Analyzer II (Technicon lar with respect to soil type, crops grown, and management Industrial Systems, Tarrytown, NY). The Mehlich 3-extractable history. At most sites the paired fields were adjacent with P, K, and Ca were determined using the method described in similar soil series and similar management practices; however, Wolf and Beegle (1995) . Total and inorganic carbon were at the Franklin and Schyulkill farms soils were not from the analyzed using a TOC-5000A total organic carbon analyzer same series (Table 1 ). The pairing of fields was necessary with the SSM-5000A solid sample module (Shimadzu, Kyoto, because time zero background samples (or data) were not Japan). Organic carbon was determined by subtracting the available for most of the treated fields. Our assumption was amount of inorganic carbon from the amount of total carbon. that before the use of biosolids, the soil and crop quality Soil pH was determined in a 1:1 (v/v, soil to water) suspension parameters we measured were similar in both members of a using a pH electrode and acidity was determined using the pair because field management was similar for each pair. For SMP buffer method (Eckert and Sims, 1995) . Soil samples example, at farms that use manure, the field management were analyzed for Hg using USEPA Method 7471 and digests practices for both fields were similar except that in some years were analyzed using an AS-90 flow injection mercury system biosolids were substituted for manure. In years when biosolids (PerkinElmer, Wellesley, MA). Soil samples were also diwas not applied, it is likely that if the control field received gested for total extractable elements by USEPA Method manure, the biosolids-treated field also received manure. We 3050B (USEPA, 1986) and digests were analyzed for Cd, Cr, were not attempting to measure absolute change in the variCu, Pb, Mn, Mo, Ni, and Zn using a Thermo Jarrell Ash ables, but rather to measure any differences between paired 61E inductively coupled plasma atomic emission spectrometer fields resulting from the use of biosolids as an agronomic (Thermo Elemental, Franklin, MA) and for As and Se using input. Pairing was also the basis for all statistical testing as is a Zeeman 5100 graphite furnace (PerkinElmer). described in detail below.
Crop tissue samples were collected at each of the five georefSample collection began in 1998 from 13 farms in 13 Pennerenced soil sampling locations in each treated and control sylvania counties. Five more sites were added the following year for a total of 18 farms in 17 counties sampled in 1999
field. The tissue collected was representative of the portion of the crop that would be harvested by the farmer. Crop
RESULTS AND DISCUSSION
samples were dried to a constant mass at 70ЊC and ground
Soil Quality Parameters
to pass a 2-mm sieve. Total crop N was determined by the combustion method (Campbell, 1991; Pella, 1990) (NH 4 , NO 3 , P, K, Ca, and Mg) (Doran and Parkin, 1994).
Dilute nitric acid was then added to dissolve the ash and the When soil amendments are used that could alter soil resulting solutions were analyzed for P, K, Ca, Cd, Cu, Pb, concentrations and bioavailability of micronutrients and Mn, Mo, Ni, and Zn using inductively coupled plasma-atomic other trace elements, these should also be considered emission spectroscopy (ICP-AES).
as indicators of soil quality (Sims and Pierzynski, 2000) . Our on-farm assessment showed that biosolids use afData Analysis fected several of these chemical parameters.
A strip-plot design with time as a repeated measure (replicate) was used to analyze treatment effects on variables over Carbon the 3-yr course of the study. Data were analyzed using SAS software (SAS Institute, 1999) . Data were evaluated to deterCombined analysis of all years of data showed that mine overall treatment effects on each variable. Data were differences between control and treated fields for orunbalanced due to sampling of fewer farms in 1998 requiring ganic and total carbon were not significant (Table 3) . the use of sequential sums of squares for hypothesis testing.
Data from individual years and depths showed that meaThe farm ϫ treatment interaction was used as the error term sured differences were small and inconsistent. Because to test for treatment effect. If there was a significant most biosolids generated in Pennsylvania typically contreatment ϫ year interaction, the variable could not be anatain 60 to 65% organic matter (Stehouwer, 1999b) , an lyzed in this fashion. In this case a replicated measurement increase in soil carbon was expected due to repeated t test design was used to determine significance of the variable biosolids application. Two factors probably account for for each individual year of the study (Steel and Torrie, 1980) . The difference between the treated and control fields was the absence of carbon increases in this study. First, the determined for each variable at each site. The mean of these addition of biosolids stimulates soil microbial activity differences was then taken to determine the average difference and much of the added organic matter may be rapidly between treated and control fields for all sites. The mean of mineralized. Second, the application of manure to some the differences was compared with the variance of the paired of the fields during years that biosolids were not applied differences using a significance level of ␣ ϭ 0.10. added organic matter, confounding any effect of biosolSoil trace element increases were converted from concenids on soil organic C levels. Combined analysis of all three years of data showed cm Ϫ1 , which is equivalent to a bulk density of 1.33 g cm Ϫ3 that differences in soil NH 4 -N were not significant (USEPA, 1995) . Since we had no bulk density measurements, ( when biosolids are not incorporated, lost due to ammo- nia volatilization (Smith, 1996; McFarland, 2001; Rob- to determine N-based agronomic loading of biosolids inson and Polglase, 2000) . and the need to implement N conservation practices In contrast, combined analysis of all three years of such as planting cover crops that will take up excess data indicated that the concentration of soil NO 3 -N was NO 3 -N and reduce NO 3 leaching. higher in biosolids-treated fields at all depth increments (Table 3) . Analysis of individual years showed that in Available Phosphorus and Potassium only one of nine year-depths, the increase in NO 3 not Many of the fields sampled in this study, both treated significant. While the magnitude of NO 3 increase varied and control, had soil test P (Mehlich 3) levels above the from year to year, overall, the amount of post-growing optimum range for crop growth. Significant increases season NO 3 in biosolids-treated fields was on the order were noted in the surface soils in 1999 and 2000 biosolof twice that in nonbiosolids fields. Excess soil NO 3 ids-treated fields, which had approximately 50 mg kg Ϫ1 increases the likelihood of loss to surface and ground more Mehlich 3 P than control fields (Table 3) . Biosolids water and ultimately increases the risk of environmental did not increase P at depths below 0 to 10 cm. This problems such as eutrophication. Excess post-growing agrees with Maguire et al. (2000) , who found higher season NO 3 could result from any of several factors that concentrations of P where biosolids were applied, with this study was not designed to elucidate. One possibility the highest concentrations in the top 5 cm. Some of the is that mineralization constants used to predict plant-P buildup in our study is undoubtedly due to repeated available N are too low, resulting in overapplication of applications of dairy manure on both fields at many of biosolids (Pierzynski, 1994; Smith, 1996) . The excess the farms in the study. When applied at an N-based NO 3 could also result from mineralization after crop rate, both manure and biosolids will add P in excess of uptake of N ceases. Whenever there is sufficient soil crop removal. For example, Pierzynski (1994) calculated moisture and soil temperatures are above freezing, N that applying biosolids that contained 1.5% plant availmineralization can occur, leading to accumulation of able nitrogen (PAN) and 1.0% total P to meet corn N nitrate in the soil and significant nitrate leaching during requirements (151 kg PAN ha
Ϫ1
) adds 112 kg P ha Ϫ1 , the nongrowing season (McFarland, 2001 ). Both of these factors indicate a need to reassess methods used an annual surplus of 84 kg P ha
. The environmental 13.31 † Significant at the ␣ ϭ 0.10 level. ‡ Three-year change is not available due to significant treatment ϫ time interaction. All three years were analyzed separately.
significance of these increases in observed P in this study vania require that the pH be maintained above 6.0 when biosolids are applied to decrease the bioavailability of cannot be assessed from the data we collected.
Combined analysis of all years indicated that, on avertrace elements. age, biosolids-treated fields had lower concentrations of soil K than control fields. Soon et al. (1978) found Trace Elements that sludge application had a negligible effect on extractCombined analysis over all three years showed that able soil K. When applied at N-based rates, the amount the soil concentrations of Cr, Cu, Hg, Mn, Mo, and Zn of K supplied by biosolids is often much lower than the were significantly higher in treated fields than in control amount needed by crops. This is due to the fact that K is fields at one or more depth increments (Table 4) . Cadwater-soluble and is therefore removed from the sludge mium and Se concentrations were below instrument during dewatering (Pierzynski, 1994) . detection limits for all samples. There were no significant differences at any depth for As. Nickel and Mn pH, Acidity, and Calcium showed evidence of treatment ϫ year interactions at the 0-to 10-cm depth and Hg data indicated the presence Soil pH was evaluated for each year individually at the 0-to 10-cm depth due to the presence of significant of a treatment ϫ year interaction at the 10-to 20-cm depth. These parameters were evaluated for each year treatment ϫ year effects and we found that biosolidstreated fields displayed higher pH than control fields individually at these depths using the paired t test (Table 4) . Statistical analysis of biosolids affects on Cr only in 2000 (Table 3 ). There was no effect on pH below the 0-to 10-cm depth. By contrast, biosolids increased and Ni did not include data from the Lancaster 2 site. These data were removed because the control field at Ca at all soil depths. Increases in Ca while pH remained the same can be attributed to the use of lime-stabilized the Lancaster 2 site had extremely high Cr and Ni concentrations in the soil (approximately 700 and 140 mg biosolids in some fields and to application of dolomitic limestone in many of the fields. Regulations in Pennsylkg
, respectively), compared with the treated field (ap- proximately 70 and 30 mg kg Ϫ1 , respectively). This can greater than 20 cm because trace elements in biosolids tend to accumulate where they are placed. Our data be explained by the presence of serpentine parent material that naturally contains trace elements at concentraindicate that the concentrations of Cu, Mo, and Pb at the 20-to 40-cm depth were higher for biosolids-treated tions far higher than normal background levels. Chromium and Ni concentrations increased with soil depth fields than for control fields (Table 4) . These results agree with studies by Sposito et al. (1982) , Chang et al. in the profile providing further evidence that the high Cr and Ni concentrations resulted from parent material (1984), and Campbell and Beckett (1988) , who reported increases in trace elements below the zone of biosolids rather than from an anthropogenic source.
Since these regulated trace elements are normally incorporation. Differences at depths below the zone of incorporation could be due to the deep incorporation present in biosolids at concentrations greater than normal soil background concentrations, such increases can of biosolids or to association of trace elements with soluble inorganic or organic ligands, or with mobile be expected if the trace elements are conserved in the zone of biosolids incorporation. Table 5 compares typicolloidal particles moving through the soil profile (McBride, 1995) . It was beyond the scope of our study cal surface soil background concentrations with median trace element concentrations in Pennsylvania biosolids.
to determine the mechanisms that may have accounted for the observed increases in Cu, Mo, and Pb in the 20-There was a very large difference between background concentrations of Cu, Zn, and Hg when compared with to 40-cm depth. concentrations of these elements in biosolids. Therefore, increases in soil concentrations of these elements
Comparison with USEPA Part 503 Cumulative were expected following the addition of biosolids. BioPollutant Loading Rates solids Cr is at the upper range typical for surface soils, While a statistically significant trace element increase and greater than the mean Cr concentration of control indicates that it is reasonable to conclude the observed soils in this study (Table 4) . Many studies have reported difference was due to biosolids application, it provides that trace elements accumulate in soils to which biosolno indication of any corresponding change in risk to ids have been applied (Sposito et al., 1982; Chang et al., plant, animal, or human health. Risk assessments used 1984; Canet et al., 1998) . Conservation of biosolids trace to develop the Part 503 regulations established the cuelements is attributed to strong sorption on or coprecipimulative pollutant loading rates (CPLRs) as the maxitation with oxides of Mn and Fe in the biosolids, and mum amount of an element that could be added to the strong sorption to soil minerals and organic matter that soil without causing adverse effects on human, plant, fixes the trace elements in relatively unavailable forms or animal health (USEPA, 1993) . One means of apfor long periods of time (Sommers, 1977; Emmerich et proaching the question of the potential risk to human al., 1982; McGrath, 1987; Dowdy et al., 1994; McGrath and environmental health posed by the increases in trace and Cegerra, 1992; Chaney and Ryan, 1993) . Other reelement concentrations we found is to compare those searchers, however, have argued that trace elements differences with permissible increases under current may be released when added organic matter is mineralregulations (Table 6 ). The largest difference occurred ized, potentially allowing for movement through the soil with Pb at 0.06 of the CPLR, while differences for other profile and increased bioavailability (McBride, 1995) . elements were Ͻ0.024. The small magnitude of these Bioavailability of trace elements was assessed by meadifferences relative to USEPA-established safe levels suring crop tissue concentrations and by measuring trace indicates that the increased concentrations of some element concentrations in soil below the usual depth of elements in these biosolids-treated fields have not inbiosolids mixing.
creased the risk to human or environmental health. Differences at the Twenty-to Forty-Centimeter Depth
Crop Tissue Composition
The zone of incorporation for biosolids is generally Biosolids application did not affect crop yield or tissue within the top 10 to 20 cm of soil. Differences in trace element concentrations would not be expected at depths concentrations of N, P, K, Ca, Cu, Mo, Mn, Ni, and Zn Department of Environmental Protection regional offices.
